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RNA G-quadruplexes (G4s) play important roles in
RNA biology. However, the function and regulation
ofmRNAG-quadruplexes in embryonic development
remain elusive. Previously, we identified RHAU
(DHX36, G4R1) as an RNA helicase that resolves
mRNA G-quadruplexes. Here, we find that cardiac
deletion of Rhau leads to heart defects and embry-
onic lethality in mice. Gene expression profiling iden-
tified Nkx2-5mRNA as a target of RHAU that associ-
ateswith its 50 and 30 UTRs andmodulates its stability
and translation. The 50 UTRofNkx2-5mRNAcontains
a G-quadruplex that requires RHAU for protein trans-
lation, while the 30 UTR of Nkx2-5 mRNA possesses
an AU-rich element (ARE) that facilitates RHAU-
mediated mRNA decay. Thus, we uncovered the
mechanisms underlying Nkx2-5 post-transcriptional
regulation during heart development. Meanwhile,
this study demonstrates the function of mRNA 50
UTR G-quadruplex-mediated protein translation in
organogenesis.
INTRODUCTION
G-quadruplexes (G4s) are four-stranded tetrad structures
formed by guanine-rich (G-rich) DNA or RNA sequences (Booy
et al., 2012; Bugaut and Balasubramanian, 2012; Millevoi et al.,
2012). Hoogsteen hydrogen bonds mediate the non-canonical
formation of G-quadruplexes. Cations such as potassium (K+),
sodium (Na+), and lithium (Li+) stabilize the G-quadruplexes as
coordinators of the structure (Millevoi et al., 2012). In the human
genome, 400,000 G-quadruplex-forming sequences have
been predicted and are found in the promoter regions of a num-
ber of pivotal genes including c-Myc, c-kit, KRAS, hTERT, Rb,
and HIF (Balasubramanian and Neidle, 2009; Bugaut and Bala-Csubramanian, 2012; Jodoin et al., 2014; Millevoi et al., 2012).
Accumulating evidence suggests that DNA G-quadruplexes
regulate gene transcription, particularly in oncogenes.
Recently, RNA G-quadruplexes have been identified, and
increasing studies indicate that these RNA G-quadruplexes
play important roles in RNA biology, such as pre-mRNA splicing,
RNA turnover, and mRNA targeting and translation. RNA
G-quadruplexes are mainly located in the 50 and 30 UTRs of
mRNA (Bugaut and Balasubramanian, 2012; Jodoin et al.,
2014; Millevoi et al., 2012). Interestingly, RNA G-quadruplexes
in the 50 UTRsmay regulate mRNA translation. Balasubramanian
and colleagues first demonstrated using in vitro assays that the
G-quadruplex-forming sequences in the 50 UTRs of human
NRAS mRNA inhibited protein translation (Kumari et al., 2007).
The first demonstration of the inhibitory effects of G-quadru-
plex-forming sequences on translation in eukaryotic cells came
from a study showing that these sequences in the 50 UTR of
the human Zic-1 mRNA suppressed protein synthesis of a re-
porter gene (Arora et al., 2008).
A comprehensive and computational search of all annotated 50
UTRs of the human transcriptome has identified G-quadruplexes
in nearly 3,000 genes (Jodoin et al., 2014). This suggests that
G-quadruplexes could be a general regulatory structure for
mRNA translation control. As several proto-oncogenes including
c-Myc were found to possess G-quadruplexes in the 50 UTR, it
has been proposed that G-quadruplexes may regulate cell and
organismal growth (Millevoi et al., 2012). However, the role of
G-quadruplexes and their regulatory mechanisms in embryonic
development and organogenesis remain elusive.
In search for binding proteins of AU-rich elements (AREs) in the
30 UTR of mRNA, we have identified RHAU (RNA helicase asso-
ciated with the AU-rich element) (Tran et al., 2004). Further
studies revealed that RHAU can also bind and unwind mRNA
G-quadruplexes, which demonstrated the G-quadruplex resol-
vase activity of RHAU (Booy et al., 2012; Lattmann et al., 2011;
Vaughn et al., 2005). Recently, we deleted Rhau in mice
and found early embryonic lethality at around embryonic
day 7.5 (E7.5), indicating an essential role of RHAU in earlyell Reports 13, 723–732, October 27, 2015 ª2015 The Authors 723
Figure 1. Deletion of Rhau in the Cardiac
Mesoderm and Progenitors Caused Severe
Heart Defects
(A) Detection of RHAU protein levels in heart tissue
during the embryonic stage and after birth. GAPDH
was used as a control.
(B) Western blotting to show deletion efficiency of
Rhau in embryonic heart tissue at E11.5. Actin
protein levels are shown for equal loading control.
(C) Gross and histological analysis of mouse em-
bryos and their hearts. The heart of Rhau-deletion
mice manifested poorly developed myocardium
and ventricular septum. Scale bars, 1mm for
mouse embryos, 50 mm for histology.
(D) Gross analysis of mouse embryos. Rhau-dele-
tion mice displayed widespread hemorrhage at
E14.5. Scale bars, 2.5 mm.
(E) Histological analysis of hearts. Myocardial
development of Rhau-deletion mice was impaired.
Scale bars, 50 mm.
(F) Western blotting to show the deletion efficiency
of Rhau in embryonic heart tissue (E11.5).embryogenesis (Lai et al., 2012). Furthermore, hematopoietic
inactivation of RHAU severely impaired erythroblast develop-
ment, which suggests that RHAU’s G-quadruplex resolvase ac-
tivity may regulate gene expression during hematopoiesis (Lai
et al., 2012).
In the present study, we specifically inactivated Rhau in car-
diac mesoderm and progenitors, which lead to abnormal heart
development. Gene expression profiling has identified Nkx2-5,
one of the key cardiac transcription factors, as a target of
RHAU (Chen and Schwartz, 1995; Lien et al., 1999; Lyons
et al., 1995). RHAU binds to both the 50 and 30 UTRs of Nkx2-5
mRNA and modulates its stability and translation. The 50 UTR
of Nkx2-5 mRNA contains G-quadruplex structure that requires
RHAU for effective protein translation, while the 30 UTR of
Nkx2-5 mRNA possesses an ARE that facilitates RHAU-medi-
ated mRNA decay. Thus, we have uncovered the regulatory
mechanisms of Nkx2-5 post-transcriptional regulation during
heart development. Meanwhile, this study demonstrates the
essential role of mRNA 50 UTR G-quadruplex-mediated-protein
translation in organogenesis.
RESULTS
Deletion of Rhau in the Cardiac Mesoderm and
Progenitors Caused Severe Heart Defects
Previously, we found that germline inactivation of Rhau resulted
in early embryonic lethality at E7.5 (Lai et al., 2012), a stage
when cardiac mesoderm is just specified. The Rhau knockout724 Cell Reports 13, 723–732, October 27, 2015 ª2015 The Authors(KO) embryo was poorly developed, with
severe growth retardation (Lai et al.,
2012). These results indicate that RHAU
is essential for early embryogenesis and
organogenesis. The cardiovascular sys-
tem is the first to develop and function
during early embryonic development.Therefore, we intended to investigate the role of RHAU in cardio-
vascular development. We first examined protein levels of RHAU
in heart tissues during embryonic development and after birth
using western blotting analysis. The results showed that RHAU
was detectable from E10.5 in the heart tissue, and its levels
increased from E14.5 to E16.5 (Figure 1A). Subsequently,
RHAU levels gradually decreased until postnatal day 7 (P7)
(Figure 1A). In the adult heart, protein levels of RHAU were low
(Figure 1A).
Mesp1 is a key regulator of cardiac mesodermal specification
(Saga et al., 1996).Mesp1-Cre line is commonly applied for gene
inactivation in nascent cardiac mesoderm in mice (Bondue and
Blanpain, 2010; Prall et al., 2007). Thus, we crossed Rhau floxed
mice with this line to delete Rhau specifically in the cardiac
mesoderm. Western blotting analysis confirmed effective Rhau
deletion in the heart (Figure 1B). Mesp1-Cre-mediated deletion
of Rhau resulted in severely impaired heart development (Fig-
ure 1C), and all mice died at E12.5 (control mice are RhauF/F).
A previous report indicated a minimal contribution of Mesp1-
derived cells to hematopoietic cells (Bondue and Blanpain,
2010), and we therefore performed a straightforward analysis
of the hematopoietic phenotype. We failed to find a difference
between control (RhauF/F) and Rhau-deletion mice (data not
shown). Next, we inactivated Rhau in cardiac progenitors
through Nkx2-5-Cre-mediated excision and found similar heart
defects to RhauF/F;Mesp1-Cremice (Figures 1D and 1E) (control
mice are RhauF/F). In addition, removal of Rhau in cardiac pro-
genitors caused embryonic lethality with complete penetrance
Figure 2. Inactivation of Rhau Affected Car-
diomyocyte Proliferation
(A and C) Immunofluorescence (IF) staining for
the cell proliferation assay. cTNT displays car-
diomyocytes, whereas bromodeoxyuridine (BrdU)
reveals proliferating cells.
(B and D) Quantitation of (A) and (C), respectively.
Data represent means ± SD from at least three
independent experiments. Scale bars, 50 mm.by E14.5 (Figure 1E). Western blotting analysis confirmed the
significant reduction of RHAU protein in the heart tissues of
Rhau-deletion mice (Figure 1F). Collectively, these results re-
vealed the essential role of RHAU in heart development.
Inactivation of Rhau Affected Cardiomyocyte
Proliferation
To investigate the effect of Rhau deletion on cardiomyocyte pro-
liferation, we performed immunofluorescence (IF) staining with
heart samples from control (RhauF/F) and Rhau-deleted em-
bryos. The results revealed substantial reduction of cardiomyo-
cyte proliferation in Rhau-deletion mice compared to control
mice (Figures 2A–2D). Furthermore, the phenomenonwas similar
between Mesp1-Cre- and Nkx2-5-Cre-mediated Rhau-deletion
mice (Figures 2A–2D). Thus, RHAU regulates cardiomyocyte
proliferation during heart development.
Rhau Deletion Increased Nkx2-5 mRNA Levels in the
Heart
Because our recent studies suggested that RHAU plays multiple
roles in RNA biology, we prepared RNA from heart and per-
formed mRNA microarray analysis to compare gene expression
profiles between control (RhauF/F) and Rhau-deletion mice
(E12.5) in order to understand how RHAU regulates heart devel-
opment (Figure 3A). Gene Ontology (GO) enrichment analysis
indicated that the majority of gene clusters showing differential
expression between control and Rhau-deletion mice function
as binding proteins (Figure 3B).
Detailed analysis of the protein-binding candidates revealed
profoundly increased Nkx2-5 mRNA levels in Rhau-deletion
heart compared to control (RhauF/F), which was confirmed by
real-time qRT-PCR using E9.5 heart tissues (Figure 3C). Further-
more, we examined the expression levels of other transcription
factors that are essential for heart development, including
Gata4, Mef2c, Tbx5, Hand1, Hand2, and Isl1, but failed to
observe a difference between control (RhauF/F) and Rhau-dele-
tion mice (Figure 3D).
Next, we isolated RNA from embryonic heart tissues and per-
formed northern blotting analysis. The results confirmed a signif-
icant increase ofNkx2-5mRNA inRhau-deletion mice comparedCell Reports 13, 723–732to control (RhauF/F) (Figure 3E). Whole-
mount in situ hybridization (WISH) experi-
ments also demonstrated a stronger
signal in the heart of Rhau-deletion mice
than in control mice (RhauF/F) using a
probe derived from Nkx2-5 mRNA
sequence (Figure 3F). Taken together,these data indicate that Rhau inactivation increased Nkx2-5
mRNA levels in the heart.
Protein Levels of Nkx2-5 Were Reduced in
Rhau-Deletion Heart
Next, we performed western blotting analysis to examine the
protein levels of Nkx2-5 in the hearts of control (RhauF/+ and
RhauF/F) and Rhau-deletion mice. To our surprise, we observed
significantly reduced Nkx2-5 protein levels in the heart of Rhau-
deletion mice compared to control mice (Figures 4A and 4B). To
understand whether these changes inNkx2-5mRNA and protein
levels were the direct result of Rhau inactivation, we generated
RhauF/F; CAGGERT2-Cre mice and isolated cardiomyocytes
from these mice (E14.5) for culture. Upon tamoxifen (4-OHT) in-
duction (3 days after cell culture), Cre recombinase entered the
nuclei and caused Rhau deletion. Two days after 4-OHT induc-
tion, we collected cells and examined Rhau and Nkx2-5 mRNA
levels. The results showed profound reduction of Rhau mRNA
levels and significant induction of Nkx2-5 mRNA levels upon
4-OHT induction (Figure 4C). We then introduced RHAU expres-
sion back in these cells through adenoviral delivery (FLAG-
RHAU) and found that Nkx2-5mRNA levels in the Rhau KO cells
were reduced to levels comparable to control cells (wild-type
[WT]) (Figure 4D). IF staining with the 4-OHT induced Rhau-dele-
tion cardiomyocytes confirmed vastly reduced Nkx2-5 protein
levels in the nuclei (Figure 4E) (control cells are RhauF/F; CAG-
GERT2-Crewithout 4-OHT treatment). Collectively, these results
demonstrated that increased Nkx2-5 mRNA levels and reduced
Nkx2-5 protein levels were direct effects of Rhau deletion.
RHAU Regulated Nkx2-5 mRNA Stability
Next, we investigated themechanisms responsible for increased
Nkx2-5 mRNA levels upon Rhau deletion in the heart tissues.
Disruption of each of the processes (mRNA biogenesis, pre-
mRNA splicing, mRNA transnuclear transportation to the cyto-
plasm, and mRNA decay) caused enhanced Nkx2-5 mRNA
levels in Rhau-deletion heart. Therefore, we designed experi-
ments to examine each of these processes. Specifically, inhibi-
tion of de novo RNA transcription with actinomycin D failed
to reduce the Nkx2-5 mRNA level in Rhau-deletion hearts, October 27, 2015 ª2015 The Authors 725
Figure 3. Rhau Deletion Increased Nkx2-5
mRNA Levels in the Heart
(A) Heatmap of microarray analysis.
(B) Gene Ontology analysis.
(C) Real-time RT-PCR measurement of Nkx2-5
expression levels in E9.5 heart tissues.
(D) Real-time RT-PCR measurement of expression
levels of essential cardiac transcription factors.
(E) Northern blotting analysis of Nkx2-5 mRNA
levels in embryonic heart tissues.
(F) Whole-embryo in situ hybridization (WISH) dis-
playing Nkx2-5mRNA distribution and levels in the
embryonic heart. Scale bars, 50 mm.
Data represent means ± SD from at least three
independent experiments.(Figure 5A). RT-PCR with primers specific for Nkx2-5 pre-
mRNAs also demonstrated that pre-mRNA splicing was not
affected upon Rhau deletion (Figure 5B). Finally Nkx2-5 mRNAs
levels in the nuclear and cytoplasmic fractions were not different
between WT and Rhau-deletion hearts (Figure 5C). Taken
together, these results showed normal Nkx2-5mRNA synthesis,
pre-mRNA splicing, and transnuclear transportation upon Rhau
deletion and suggested that enhanced Nkx2-5 mRNA levels
may result from abnormal RNA degradation.
We next tested the association of RHAU with Nkx2-5 mRNA.
As shown in RNP immunoprecipitation (IP) (Figure 5D) and
RNA pull-down (Figures 5E and 5F) assays, RHAU was associ-
ated with theNkx2-5 50 UTR and 30 UTR but at much lower levels
with the coding region (CR) (Figure 5E). Detailed analysis re-
vealed that RHAU is strongly associatedwith the 30 UTR 3-3 frag-
ment and weakly associated with the 30 UTR 3-1 and 30 UTR 3-2
fragments (Figure 5F). The ARE of Nkx2-5 is in the 30 UTR 3-3
fragment (Figure 5F), which is well conserved in multiple species
(Figure 5G). We also tested the association between HuR and
Nkx2-5 mRNA. As shown in Figure 5H, HuR was associated
with the 30 UTR, but not the 50 UTR and CR, of Nkx2-5 mRNA.
Similarly to RHAU, the binding site of HuR was limited to the 30
UTR 3-3 fragment (Figure 5I). Of note, a variant of Nkx2-5
mRNA 30 UTR mutating the ARE abolished the association of
HuR and RHAU with Nkx2-5 30 UTR (Figure 5I).
Given that both HuR and RHAU bind to the Nkx2-5 30 UTR in a
similar manner (Figures 5E–5I), we investigated the interaction
between HuR and RHAU in associating with Nkx2-5 30 UTR. As
shown in Figure S1A, HuR and RHAU could interact with each
other in an RNA-dependent manner, since the interaction was726 Cell Reports 13, 723–732, October 27, 2015 ª2015 The Authorslost in the lysates pre-incubated with
RNase A. In addition, transfection of
HeLa cells (a cell line expressing very
low levels of Nkx2-5 mRNA) with a
pGL3-derived vector bearing the 30 UTR
enhanced the interaction between HuR
and RHAU (Figure S1B). Furthermore,
knockdown of HuR in HeLa cells attenu-
ated the association of RHAU with the
Nkx2-5 30 UTR (Figure S1C). However,
knockdown of RHAU mildly reduced the
association of HuR with Nkx2-5 30 UTR
(Figure S1D). These data suggest that (1) RHAU associated
with both the Nkx2-5 50 UTR and 30 UTR, (2) HuR associates
with the Nkx2-5 30 UTR only, and (3) the association of RHAU
with the Nkx2-5 30 UTR is HuR dependent.
Next, we tested the influence of HuR and RHAU on the
expression of Nkx2-5. For this purpose, protein and mRNA
levels of Nkx2-5 in H9C2 cells either with overexpressed HuR
or RHAU or with silenced HuR or RHAU were assessed by west-
ern blotting and real-time qPCR analysis, respectively. As
shown in Figures 6A and 6B, overexpression of HuR or RHAU
increased protein levels of Nkx2-5, while knockdown of HuR
or RHAU reduced protein levels of Nkx2-5. In addition, mRNA
levels of Nkx2-5 were increased in cells with overexpressed
HuR (5.1-fold) but decreased in cells with silenced HuR
(58%) (Figure 6C). However, the level of Nkx2-5 mRNA was
decreased in cells with overexpressed RHAU (76%) but
increased in cells with silenced Rhau (2-fold) (Figure 6D).
These results suggest that HuR and RHAU may regulate the
turnover of Nkx2-5 mRNA. To confirm this, cells described in
Figures 6A–6D were used to analyze the half-lives of Nkx2-5
mRNA. As shown in Figure 6E, the half-life of Nkx2-5 mRNA in
HuR-overexpressed cells was longer than that observed in con-
trol cells (6.19 ± 0.47 hr versus 5.03 ± 0.19 hr, p = 0.038), while
the half-life of Nkx2-5 mRNA in was shorter in HuR-silenced
cells than in control small interfering RNA (siRNA)-transfected
cells (4.09 ± 0.31 hr versus 5.32 ± 0.24 hr, p = 0.022). In
contrast, overexpression of RHAU shortened the half-life of
Nkx2-5 mRNA (4.27 ± 0.20 versus 5.19 ± 0.14 hr, p = 0.035),
while knockdown of RHAU extended the half-life of Nkx2-5
mRNA (6.18 ± 0.40 hr versus 4.63 ± 0.17 hr, p = 0.043)
Figure 4. Protein Levels of Nkx2-5 Were
Reduced in Rhau-Deletion Heart and Cardi-
omyocytes
(A and B) Western blotting analysis.
(C and D) Real-time RT-PCR analysis.
(E) IF staining.
Data represent means ± SD from at least three
independent experiments. Scale bars, 10 mm.(Figure 6F). Therefore, HuR stabilizes while RHAU destabilizes
Nkx2-5 mRNA.
To further confirm the influence of HuR or RHAU on the turn-
over ofNkx2-5mRNA, a series of EGFP-derived reporter vectors
bearing partial Nkx2-5 mRNA fragments were constructed (Fig-
ure S2A). HeLa cells stably transfected with the pTet-off plasmid
were individually co-transfected with each of the EGFP-Nkx2-5
vectors. 24 hr later, cells were further transfected with a HuR
siRNA or RHAU siRNA and cultured for additional 48 hr. RNA iso-
lated at distinct time points was used to analyze steady-state
levels and the half-lives of the encoded chimeric RNAs. As
shown in Figure S2B, knockdown of HuR reduced the level of
EGFP-30 UTR chimeric transcript, but not that of EGFP-50 UTR,
EGFP-CR, or EGFP-30 UTRD (a variant of 30 UTR mutating the
ARE as described in Figure 5I); knockdown of RHAU increased
the levels of EGFP-30 UTR chimeric transcript, but not that of
EGFP-50 UTR, EGFP-CR, or EGFP-30 UTRD. As anticipated (Fig-
ures S2C and S2D), knockdown of HuR significantly shortened
the half-lives of the EGFP-30 UTR (4.32 ± 0.10 hr versus 5.45 ±
0.73 hr, p = 0.043), while knockdown of RHAU significantly
extended the half-lives of the EGFP-30 UTR (6.49 ± 0.18 hr versus
5.1 ± 0.25 hr, p = 0.031). Neither knockdown of HuR nor knock-
down of RHAU could significantly alter the half-lives of EGFP-50Cell Reports 13, 723–732UTR, EGFP-CR, and EGFP-30 UTRD (Fig-
ures S2C and S2D). These data further
confirmed that the association of HuR
with Nkx2-5 30 UTR stabilizes Nkx2-5
mRNA while the association of RHAU
with Nkx2-5 30 UTR destabilizes Nkx2-5
mRNA.
RHAU Regulates Nkx2-5
Translation by Resolving the
G-Quadruplex in the 50 UTR
Because Rhau deletion led to a significant
accumulation of Nkx2-5 mRNA but a
substantial reduction of Nkx2-5 protein,
we asked whether RHAU regulated the
protein turnover of Nkx2-5. We found
that treatment of Rhau-deficient cells
with proteasome and lysosome inhibitors
failed to alter the levels of Nkx2-5 protein
(Figure 7A), indicating that RHAU is
unable to regulate the proteasome- or
lysosome-mediated protein turnover of
Nkx2-5.
As shown in Figure 7B, RHAU associ-
ated with the Nkx2-5 mRNA 50 UTR at
fragment 50 UTR 5-2, which contained the well conserved
G-quadruplex sequences (Figure 7C). When the G-quadruplex
fragment was cloned upstream of the GFP CR in a GFP expres-
sion vector, it strongly suppressed GFP mRNA translation (Fig-
ure 7D). This suggests that the G-quadruplex may have robust
inhibitory effects on Nkx2-5mRNA translation. We then mutated
the G-quadruplex sequence (6G to A) and cloned the mutated
fragment upstream of Nkx2-5 CR. Western blotting analysis
showed that Nkx2-5 protein levels were significantly increased
compared to control (Figure 7E). In addition, we found that
when RHAUwas present, the suppression of G-quadruplex frag-
ment on GFP mRNA translation was released and protein levels
of GFP greatly increased (Figure 7F).
To further explore the functional impact of the association of
HuR and RHAU on the translation of Nkx2-5, pGL3-Luc-derived
reporters bearing the 50 UTR, CR, and 30 UTR of Nkx2-5 mRNA
(pGL3-50 UTR-Luc, pGL3-Luc-CR, and pGL3-Luc-30 UTR) were
constructed (Figure S3A). The activity of these reporters relative
to the levels of the chimeric transcripts in cells with silenced HuR
or RHAU was analyzed. As shown in Figure S3B, knockdown of
HuR reduced the reporter activity of pGL3-30 UTR by53%, but
not those of pGL3-Luc, pGL3-50 UTR-Luc, and pGL3-Luc-CR.
Knockdown of RHAU reduced the activity of pGL3-50 UTR-Luc, October 27, 2015 ª2015 The Authors 727
Figure 5. Association of HuR and RHAU with Nkx2-5 mRNA
(A) Real-time RT-PCR analysis after blocking mRNA synthesis.
(B) Study of pre-mRNA splicing of Nkx2-5.
(C) Analysis of Nkx2-5 mRNA transportation.
(D) RNA IP assays were performed by using anti-HuR, anti-RHAU, or anti-IgG antibody with H9C2 cell lysates. The presence ofNkx2-5mRNAwas determined by
RT-PCR.
(E and F) RNA pull-down assays by using in-vitro-transcribed and biotinylated Nkx2-5 50 UTR, CR, and 30 UTR (E) or in-vitro-transcribed and biotinylated 30 UTR
3-1, 30 UTR 3-2, and 30 UTR 3-3 (containing the ARE) (F).
(G) Conservation of the AREs (red) in the Nkx2-5 30 UTR.
(H) RNA pull-down assays were performed to assess the association of HuR with Nkx2-5 50 UTR, CR, and 30 UTR, as described in (E).
(I) RNA pull-down assayswere performed to assess the association of HuRwith theNkx2-5 30 UTR, 30 UTR 3-1, 30 UTR 3-2, 30 UTR 3-3 (containing the ARE), and 30
UTR variant mutating the ARE (30 UTRD), as described in (F). Association of RHAU with the 30 UTRD was also assayed and could not be detected.
Data represent means ± SD from at least three independent experiments.(by 49%, p < 0.001) but increased the activity of pGL3-Luc-30
UTR (by 1.82-fold, p < 0.001). As anticipated, knockdown of
RHAU had no effect on the activity of pGL3-Luc or pGL3-Luc-
CR. In addition, the Luc-30 UTR chimeric transcript decreased
in cells silenced with HuR (by 76%, p < 0.001) but increased
in cellswith silencedRHAU (by1.87-fold, p < 0.05) (Figure S3C).
Knockdown of HuR or RHAU did not significantly alter the levels
of luciferase, Luc-50 UTR, and Luc-CR chimeric transcripts (Fig-
ure S3C). Furthermore, knockdown of RHAU reduced the poly-
somal presence of Luc-50 UTR transcript, but not that of the728 Cell Reports 13, 723–732, October 27, 2015 ª2015 The AuthorsLuc-CR transcript (Figure S4). Therefore, association of HuR
and RHAU with Nkx2-5 mRNA is functional in regulating the
expression of Nkx2-5; association of RHAU with the Nkx2-5 50
UTR facilitates the translation of Nkx2-5 through resolving the
G-quadruplex structure.
DISCUSSION
Previous studies have focused on G-quadruplex structures in
DNA sequences and their role in regulating gene transcription.
Figure 6. Influence of HuR and RHAU on the Half-Life of Nkx2-5 mRNA
(A) H9C2 cells were transfected with a vector expressing HuR or with HuR siRNA (siHuR). Afterward, cell lysates were prepared and subjected to western blotting
analysis to assess protein levels of HuR, Nkx2-5, and GAPDH.
(B) H9C2 cells were transfected with a vector expressing RHAU or with Rhau siRNA (siRhau). Later on, cell lysates were prepared and subjected to western
blotting analysis to assess protein levels of RHAU, Nkx2-5, and GAPDH.
(C and D) RNA prepared from cells described in (A) and (B) was subjected to real-time qPCR to assess mRNA levels of Nkx2-5.
(E and F) Cells described in (A) and (B) were treated with actinomycin D (2 mg/ml). RNA was prepared at distinct time points and subjected to real-time qPCR to
assess the half-lives of Nkx2-5 and actin mRNAs. Data represent the means ± SD from three independent experiments.Recently, computational and bioinformatics analyses have
predicted nearly 4,000 G-quadruplexes in annotated mRNAs.
Results from several investigations suggest that these mRNA
G-quadruplexes regulate RNA biology at various key steps
including RNA synthesis, pre-mRNA splicing, mRNA trans-
portation, and translation. However, the function of mRNA
G-quadruplexes and their regulatory mechanisms are largely
unknown.CRecently, we elucidated the resolving activity of RHAU
to unwind G-quadruplexes in telomerase mRNA, identifying
RHAU as the first mRNA G-quadruplex resolvase (Vaughn
et al., 2005). In this study, we have identified the G-quadruplex
sequence in the 50 UTR of Nkx2-5 mRNA, which is critically
involved in heart development, and have confirmed the resolving
activity of RHAU in unwinding this G-quadruplex structure in
Nkx2-5 mRNA. Furthermore, we have demonstrated thatell Reports 13, 723–732, October 27, 2015 ª2015 The Authors 729
Figure 7. RHAU Controlled Nkx2-5 mRNA
Translation by Resolving the G-Quadruplex
in the 50 UTR
(A) Inhibition of the proteasomal and lyso-
somal degradation pathway and western blotting
analysis.
(B) RNA pull-down analysis to investigate RHAU
association with Nkx2-5 mRNA 50 UTR fragments.
50 UTR 5-2 contains G-quadruplex sequence as
depicted in (C).
(C) Comparison of the G-quadruplex sequences in
the 50 UTR of Nkx2-5mRNA from different species.
(D and E) Western blotting analysis. The 50 UTR of
Nkx2-5mRNA were cloned upstream of GFP CR in
the eukaryotic GFP expression vector. Afterward,
both GFP expression vector and GFP expression
vector-bearing 50 UTR of Nkx2-5mRNA were used
for cell transfection, followed by western blotting
analysis (D). (E) 6Gs in the G-quadruplex se-
quences in the 50 UTR of Nkx2-5 mRNA were
mutated to A. The mutated fragment was cloned
upstream of Nkx2-5 mRNA CR. After cell trans-
fection, Nkx2-5 protein levels were assessed by
western blotting analysis.
(F) Co-transfection of RHAU with GFP expression
vector-bearing the 50 UTR of Nkx2-5 mRNA
enhanced GFP protein levels.mRNA G-quadruplex structures play an essential role in organo-
genesis through regulating mRNA translation as evidenced by
the inhibitory effects of this G-quadruplex element on Nkx2-5
mRNA translation.
Nkx2-5 is the earliest marker of cardiac mesoderm specifica-
tion and plays an essential role in heart development (Chen and
Schwartz, 1995; Costa et al., 2011; Costello et al., 2011; Kim
et al., 2011, 2012; Lien et al., 1999; Lyons et al., 1995). It was re-
ported that sumoylation regulated Nkx2-5 protein stability and
this type of post-transcriptional modification is important for
heart development and remodeling. Here, we have uncovered
a regulatory mechanism on Nkx2-5 mRNA post-transcription,
which revealed the complexity of Nkx2-5 regulation and may
serve as a prerequisite for effective fine-tuning of Nkx2-5 levels
during development. Specifically, while the 50 UTR of Nkx2-5
mRNA controls its translation, the 30 UTR is critical for its
mRNA decay and stability in a HuR-dependent manner. Given
that HuR can also regulate the expression of Nkx2-5 by stabiliz-
ing theNkx2-5mRNA, the impact of HuR-Nkx2-5 regulatory pro-
cess in heart development should be further investigated.
A recent report discovered the function of eIF4A in regulating
the mRNA translation of a panel of oncogenes involved in human
cancer through G-quadruplex-dependent mechanism (Wolfe
et al., 2014). Both eIF4A and RHAU are among the four RNA hel-
icases identified to date. Taken together, our studies further sup-
port the notion that mRNA G-quadruplexes and their resolving
helicases, such as eIF4A and RHAU, present as yet another
essential and critical layer of gene regulation in developmental
and disease settings. In the future, it will be worthwhile to sys-
tematically identify the RHAU target genes with G-quadruplexes730 Cell Reports 13, 723–732, October 27, 2015 ª2015 The Authorsto understand G-quadruplex in developmental biology and hu-
man diseases.
Our studies have demonstrated the essential role of RHAU in
embryogenesis and organogenesis. Gene expression profiling
has revealed numerous binding proteins as potential RHAU
targets. Identification and understanding the function of these
targets need further investigation.
EXPERIMENTAL PROCEDURES
Antibodies
Chloroquine (cat# C6628) was purchased from Sigma and MG-132 (cat#
S1748) from Beyotime. Pan-actin antibody (MS-1295-P0), cTNT (MS-113-
P1), and horseradish peroxidase (HRP)-linked secondary antibodies (Prod
#31460 and Prod #31430) were purchased from Thermos Scientific. GFP
(sc–8334) and Nkx2-5(sc-14033, for IF) antibodies were purchased from
Santa Cruz. Antibodies against Nkx2-5(13921-1-AP, for western blotting)
and RHAU (13159-1-AP) were purchased from ProteinTech. Flag (F1807)
and a-actinin (A7811) antibodies were from Sigma. Mouse monoclonal anti-
HuR antibody was from Santa Cruz. Ki-67 was from DakoCytomation, and
GAPDH antibody was from Bioworld. Alexa Fluor 488/Cy3/Cy5-labeled sec-
ondary antibodies (115-545-166,112-165-167, and 711-175-152) were from
Jackson Immunoresearch.
Western Blotting Analysis and Immunoprecipitation
Cells and heart tissues were collected and snap-frozen in liquid nitrogen until
use. Cell/tissue lysates were prepared in lysis buffer (20 mM Tris, 150 mM
NaCl, 10% glycerol, 20 mM glycerophosphate, 1% NP40, 5 mM EDTA,
0.5 mM EGTA, 1 mM Na3VO4, 0.5 mM PMSF, 1 mM benzamidine, 1 mM
DTT, 50 mM NaF, and 4 mM leupeptin, at pH 8.0). Samples were resolved
by 10% SDS-PAGE and transferred to PVDF membranes (Millipore). Mem-
branes were blocked with 5% non-fat milk in TBST (50 mM Tris, 150 mM
NaCl, and 0.5 mM Tween-20 [pH 7.5]) and incubated with primary antibodies
overnight at 4C. IP was performed using protein A Sepharose CL-4B beads
(Amersham-Pharmacia).
Mice
The experimental animal facility has been accredited by the AAALAC (Associ-
ation for Assessment and Accreditation of Laboratory Animal Care Interna-
tional), and the IACUC (Institutional Animal Care and Use Committee) of Model
Animal Research Center of Nanjing University approved all animal protocols
used in this study. Rhau conditional KO mice were reported previously. Mice
were housed in accordance with the regulations on mouse welfare and ethics
of Nanjing University in groups with 12-hr dark-light cycles and had free
access to food and water. Primers for genotyping of Rhau conditional KO
mice are forward 50-CTGCGTAGGGTAGCTTATG-30 and reverse 50-ATCC
GACTGTAGATTCCTTT-30. The PCR products were 336 bp (wild-type) and
470 bp (flox), respectively.
Cell Culture and E14.5 Cardiomyocyte Isolation
For H9C2, 293T, and COS7, cells were maintained in DMEM supplemented
with 10% fetal calf serum at 37C in the presence of 5% CO2. Transient trans-
fection of plasmid DNA using GenEscort was performed according to instruc-
tions provided by the manufacturer.
For cardiomyocytes, E14.5 cardiomyocytes were prepared as previously
described (Borger and Essig, 1998). Briefly, E14.5 embryonic hearts were
dissected and atria were removed. Ventricles were excised to 1 3 1-mm
pieces in collagenase (type 2, Sigma). After incubation at 37C for 10 min,
supernatants were filtered and cells were collected by centrifugation. Cells
were plated on 1%gelatin coated plates in DMEM containing 10% fetal bovine
serum (Hyclone). Most of the cells were beating after 24 hr of culture.
RNA Isolation, Real-Time qPCR, RNA Pull-Down, and RNP IP
Total cellular RNA was prepared using the RNeasy Mini Kit (QIAGEN) following
the manufacturer’s protocol. The levels of Nkx2-5 mRNA, actin (b-actin)
mRNA, GAPDH mRNA, and pGL3-Luc and EGFP-derived transcripts were
detected using the following primer pairs: 50-AAACGCAGAAGAACAAGG-30
and 50-CAGGAGCAAACCAGGATA-30 for Rat Rhau mRNA, 50-ACCCTCGGG
CGGATAAGAA-30 and 50-GCCGTCTGTCTCGGCTTTGT-30 for rat Nkx2-5
mRNA, 50-TTCCAGCCTTCCTTCCTG-30 and 50-GGTCTTTACGGATGTCA
ACG-30 for rat actin (b-actin) mRNA, 50-GGCACAGTCAAGGCTGAGAATG-30
and ATGGTGGTGAAGACGCCAGTA-30 for rat GAPDH mRNA, 50-GGCACAG
TCAAGGCTGAGAATG-30 and ATGGTGGTGAAGACGCCAGTA-30 for human
GAPDH mRNA, 50-CGCGATCACATGGTCCTG-30 and 50-ATCCTGCTCCTC
CACCTCC-30 for EGFP-derived reporter transcripts, and 50-GATTACCAGG
GATTTCAGT-30 and 50-GACACCTTTAGGCAGACC-30 for pGL3-Luc derived
transcripts (luciferase mRNA).
For biotin pull-down assays, PCR-amplified DNA was used as template to
transcribe biotinylated RNA by using T7 RNA polymerase in the presence of
biotin-UTP, as previously described (Zhang et al., 2012). 1 mg purified bio-
tinylated transcripts was incubated with 150 mg whole-cell lysates for 30 min
at room temperature. Complexes were isolated using paramagnetic streptavi-
din-conjugated Dynabeads (Dynal), and the pull-down material was analyzed
by western blotting analysis.
For cross-linking of RNP IP complexes, cells were exposed to UVC (300
mJ/cm2) and whole-cell lysates prepared for IP using monoclonal anti-HuR,
polyclonal anti-RHAU, or an anti-immunoglobulin G antibody. The transcripts
present in the RNA complexes were analyzed by RT-PCR.
Cytoplasmic and Nuclear RNA Purification
The hearts were dissected and frozen in liquid nitrogen immediately. The
cytoplasmic and nuclear RNA were purified using SurePrep Nuclear or Cyto-
plasmic RNA Purification Kit according to instructions provided by the
manufacturer.
Adenoviral Infection
E14.5 cardiomyocytes were grown in six-well plates. Before infection, the me-
dium was changed and the adenovirus was added. 6 hr later, the virus-con-
taining medium was removed and fresh medium was added. 24 hr later, the
cells were harvested for protein or RNA extraction or used for IF staining.CHistology and Immunofluorescence Staining
Mouse embryos or hearts were dissected andwashed with cold PBS and fixed
in formalin overnight at 4C. The samples were processed successively by (1) a
30-min wash in PBS at 4C; (2) a 1-hr incubation in 70%, 80%, and 95%
ethanol and a 1-hr incubation in 100% ethanol at room temperature (RT); (e)
a 20-min incubation in xylene at RT, (4) a 1-hr incubation in paraffin/xylene
(1:1) at 65C; and (5) a 1-hr incubation in fresh paraffin at 65C. The processed
samples were then embedded in paraffin and sectioned (7 mm thick). The sec-
tions were applied for H&E staining following the standard protocol. For immu-
nohistochemistry staining, frozen sections were incubated at 4C overnight
with antibodies for hemagglutinin (HA) and To-Pro 3 iodine (642/661, Molecu-
lar Probes). Images were processed with an Olympus confocal microscope
system.
Northern Blotting Analysis
Total RNA was extracted from heart using the TRIzol Reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. Total RNA (10 mg) was fractionated
on a 1.2% formaldehyde–agarose gel and transferred to Hybond-Nþ mem-
branes (Amersham). After transfer, the membrane was fixed by UV cross-link-
ing. 100 ng of each probe was labeled with [32P] ATP by using Random Primer
DNA Labeling Kit (Takara). The labeled probes were heated for 3 min at 95C
and chilled briefly (5 min) on ice before addition to the hybridization solution.
Hybridizations were performed at 68C in ExpressHyb Hybridization Solution
(Clontech Laboratories). After hybridization, the membranes were washed at
low stringency in 2 3 saline sodium citrate (SSC), 0.05% SDS at RT twice
for 10 min and at high stringency in 0.1 SSC, 0.1% SDS at 65C twice for
20 min.
Microarray Analysis
Three hearts were dissected from each group of control and Rhau-deletion
mice, and total RNA was isolated from these hearts. In total, six RNA samples
were applied for microarray analysis (Affymetrix Mouse 430 2.0 Array,
Shanghai Biotechnology). The data were analyzed with the eBioService Sys-
tem (Shanghai Biotechnology).
Statistics
Data are presented as mean ± SD values. For comparisons between two
groups, statistical significance was determined using the unpaired two-
tailed t test. A value of p < 0.05 (*) was considered statistically significant
whereas p < 0.01(**) and p < 0.001(***) were considered statistically very
significant.
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